The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Investigations were performed with a view to making such devices in the surface, or in thin crystals, of vanadium dioxide. This required developing suitable crystals, testing techniques to shape, pattern and dope them, improving understanding of the electrical and optical properties of the phases and the metal-insulator transition (MIT) between them, and establishing control of the MIT. We found several improved ways to grow, manipulate, clean, pattern and dope VO2 nanobeams, rods and plates, and epitaxial VO2 films on TiO2. We studied the competition between Mesoscopic effects and metal-insulator transition in vanadium oxide nanowires: final progress report
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Statement of the problem studied
Vanadium dioxide has a dramatic first-order metal-insulator transition above room temperature which could in principle be exploited to make electrical and optical switches and sensors. Under this one-year grant, investigations were performed with a view to making such devices in the surface, or in thin single crystals, as opposed to granular films, of VO 2 . This required developing suitable crystals, testing techniques to shape, pattern and dope them, improving understanding of the electrical and optical properties of the phases and the metal-insulator transition (MIT) between them, and establishing better control of the MIT.
Summary of the most important results
Nano-optical investigations
In collaboration with M.B. Raschke (University of Colorado), using mid-IR s-SNOM (scattering-scanning near-field optical microscopy) above room temperature in air, we analyzed the domain behavior in substrate-bound VO 2 nanobeams at down to 10 nm spatial resolution. The results were published in Nano Letters 1 . Fig. 1 indicates the experimental setup and representative s-SNOM results, showing sudden appearance and growth of metallic domains with high resolution. By combining the measurements with micro-Raman spectroscopy we identified the presence of the M2 insulating phase in competition with the M1 insulating phase in a range of temperatures below . We interpret this as a result of the relationship between the lattice constants of the three phases, which is such that placing M2 at a boundary between M1 and the rutile metal (R) reduces the elastic energy. This observation combined with those of other recent studies implies that M2 is generically present in thin films and bulk samples below , though this fact has not been taken into account in most of the literature on VO 2 . Ours may be the first investigation of a correlated electron material where the volume fraction and real space domain pattern of three competing phases were revealed.
Photoresponse
Using scanning photocurrent microscopy (SPCM), in collaboration with Xiaodong Xu (UW Physics Department) we have investigated photocurrent and ultrafast response in suspended VO 2 nanobeams 2 in ambient atmosphere, as depicted in Fig. 2 . The results demonstrate the potential of SPCM applied to / , where is the bias and is the zero-bias photocurrent, at laser power 1 W. Below , we find that is small and the finite is caused by the temperature dependence of the insulator resistivity.Well above , both and are larger and peaked at the I-M interface. The sign, magnitude and variation of is consistent with a thermoelectric origin, Δ , where Δ -280 V/°C is the difference in Seebeck coefficients between the I M2 and M phases.
is the rise in interface temperature which is maximum when the laser is directly incident on it. By fitting the data we can also deduce that the ratio of the thermal conductivities / = 2 and the fraction of the incident laser power absorbed, ~0.5. The peak in is at the same place because is dominated by the change in resistance due to the decrease in the amount of I M2 on laser warming which is also proportional to . In summary, we determined the relationship between the optical and dc electrical properties of VO 2 . The photoconductance and zero-bias photocurrent generation are entirely of photothermal origin, consistent with very efficient electron-lattice relaxation in the strongly correlated insulating phase and in stark contrast with the response of uncorrelated band insulators. Fig. 3 illustrates some of the results of our extensive efforts to tune the growth of VO 2 , using different substrates, catalysts and growth conditions, to dope it, and to make versatile electrical contacts. For example, we succeeded in growing high quality epitaxial VO 2 films, by physical vapor transport using a V 2 O 5 source, on rutile TiO 2 which showed an MIT [unpublished] . Fig. 3a shows the MIT occurring in such a film on (100) TiO 2 .
Crystal growth, patterning, doping and gating
We succeeded in doping VO 2 nanobeams and platelets to the metallic state at room temperature by either tungsten incorporation in the source (Fig. 3b) or exposure to hydrogen gas above 200 °C (Fig. 3c) . The latter was investigated in detail by Jiang Wei, who was the first graduate student on this project and who performed the detailed follow-up experiments 4 after graduating while working as a postdoc with Doug Natelson at Rice University.
An absolutely key question in the field of VO 2 devices is whether the MIT can be controlled by an electric field. Essentially no effect of an insulated solid-state gate has ever been reported, and we have not detected any. Moreover, tests of gating 5 using an ionic liquid by Wei in Natelson's group exhibited no electrical gating effects and only showed metallization resulting from injection of protons from the liquid. In our opinion, the accumulated evidence points to the facts that (a) the screening length is very short in insulating VO 2 -no more than 5 nm -and (b) the MIT cannot be induced without a structural change which costs too much elastic energy to occur only at the surface. Nevertheless the complete inability to significantly gate the surface carrier density reported in Ref. 5 and others remains puzzling.
We also made excellent contacts to VO 2 nanobeams using indium, graphite flakes (Fig. 3d) , and singlelayer graphene [unpublished] . The nanobeams are manipulated into place in the graphene using a piezocontrolled nanomanipulator. Graphene has the advantages of being very smooth and inert, thus minimizing the effects of strain and substrate chemistry. 
